A new method has been developed for determining macroscopic binding constants of a few surfactants to some macromolecules. Then, the binding of ionic surfactants (cetyltrimethyl ammonium bromide, tetradecyltrimethyl ammonium bromide, and sodium tetradecyl sulfate) [STS]) to macromolecules (bovine serum albumin, human serum albumin, and polyvinyl pyrollidone was investigated. The binding constants and binding isotherms were calculated using this new method. Experimental data were obtained through a potentiometry technique. Finally, the results obtained were compared with the results obtained based on the Wyman binding potential concept.
INTRODUCTION
Investigations on the interaction of surfactants with various materials have been done by different researchers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . One of the main fields of this area of research is the interaction between polymers and surfactants in aqueous and nonaqueous solutions. These studies have been performed experimentally and theoretically. Recently, easy to construct and reliable surfactant-sensitive electrodes have become available based on plasticized polymer (for example polyvinyl chloride) (15) (16) (17) . This has resulted in studies dealing with the thermodynamics of the binding of cationic surfactants to natural and artificial polymers, colloidal particles, and polyanions (8, 10, 11) . The binding studies led to an understand of the nature of the interaction between surfactants and polymers.
Theoretical research on binding between macromolecules and small molecules or ions has been performed during the past 50 years (3, 4, 14, 18) . In order to determine the macroscopic binding constants, an analytical approach based on the binding potential concept was introduced by Wyman. In this method, simplified ideas have been used (4, 5) .
Here, a new way of determining that the macroscopic binding constants is described. We derived two recursion relations and applied them to determine macroscopic binding constants. Experimental data were obtained using a potentiometric technique. This technique is more accurate than the equilibrium dialysis techniques. Consequently, for each experiment, a large number of data points can be obtained.
MATERIALS AND METHODS
All of the materials (BSA, HSA, PVP, and surfactants) were obtained from Aldrich Chemical Co. and were used as received. The nominal molecular weights of BSA and HSA are 67,000 and 68,000, respectively, and the average molecular weight of PVP is 40,000. The solutions were made in doubledistilled water.
The surfactant selective electrodes is constructed using a method which has been described previously (19 -23 In all experiments the temperature was controlled to within Ϯ0.1°C by circulating thermostatted water through the jacketed glass cell, and the sample solution was continuously stirred using a magnetic stirrer. The concentration of macromolecules was kept constant as the concentration of surfactant was varied during each experiment. The experiments have been repeated at different temperatures.
DATA ANALYSIS
First, it is appropriate to explain the method based on the Wyman binding potential. On the basis of a purely mathemat-ical proposition, the calculation of the apparent (macroscopic) binding constant, K app , can be applied to the entire binding isotherm. This is based on the Wyman binding potential concept (5). The binding potential ͟ is calculated from the area under the binding isotherm according to
where is the number of moles of ligand bound per mole of macromolecule and R and T are the gas constant and temperature, respectively. We can consider the formation of a particular macromolecule-surfactant complex, PA n , according to the reversible equilibrium:
Although the formation of PA n involves n equilibria with individual stoichiometric binding constants, at a given free ligand concentration if we assume the concentrations of all the species except P and PA n are negligible, which relatively is a good assumption for cooperative binding, then the overall stoichiometric binding constant is given by
and
From Eqs. [1] and [4] , it follows that
Since integration of the binding isotherm enables ͟ to be calculated, it is possible to calculate K [A] n from Eq. [5] . If, however, the assumption is made that for a given value of [A] the predominate species present will be PA ; i.e., K [A] n ϵ K app, [A] . Then the average Gibbs energy per mole of surfactant (⌬G ) can be obtained from (24)
Now the new method will be introduced. BSA, HSA, and PVP can be considered as a system with n-defined interacting binding sites for ionic surfactants, in which the occupation of any sites influences the affinity of other sites. If the concentration of macromolecules is low so that the macromoleculemacromolecule interaction is negligible and the macromolecule solution behaves ideally. This binding may be shown by a series of multiple equilibria as 
where [A] 0 , ⌬A, and [P] 0 are total concentration of the ligand, of bound ligands and of the macromolecules, respectively. In order to determine the binding constants, the following approximations are proposed. First, at a low free surfactant concentration it can be assumed that the concentrations of all the species except P and PA 1 are negligible, so that Eqs. [8] and [9] are reduced to
The following equations are result from Eqs. [10] and [11] :
Combination of Eqs. [12] and [13] leads to
Second, if it is supposed at higher concentration of free ligand, concentrations of PA 3 , PA 4 , . . . PA n species are negligible and only P, PA 1 , and PA 2 species are considerable. Thus Eqs. [8] and [9] can be simplified as follows:
According to Eqs. [15] and [16] the [P] and K 2 can be calculated from the following equations:
Third, if it is supposed with higher concentrations of free ligand, concentrations of PA 4 , PA 5 , . . . PA n species are negligible and only P, PA 1 , PA 2 , and PA 3 species are considered. Thus Eqs. [8] and [9] can be simplified:
According to Eqs. [19] and [20] the [P] and K 3 can be calculated from the following equations:
By this approximation, the concentration of PA i and stepwise associative binding constant (K i ) can be calculated by following the general recursion equations:
Then, the Gibbs energy of [25] can be written as
[26]
RESULTS AND DISCUSSION
The emf referenced to a sodium electrode was plotted against the logarithm of the total concentration of surfactant. Figure 1a shows the emf versus the logarithm of the total concentration of surfactant in the absence of PVP. Figure 1b shows the results of the same experiment in the presence of macromolecule. In Fig. 1b three different regions were observed:
I. The first region shows the Nernstian slope which indicates that there is no binding and hence no measurable interaction between polymer and surfactant, as is present in the form of free monomer.
II. In the second region a break point was found in the linear section which is shown as T 1 in many articles (4, 9, 10, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) where the interaction between macromolecule and surfactant begins. In this region the concentrations of both bound and free monomeric surfactant are varying. The end of this region is marked by T 2 at which point monomer concentration reaches a maximum.
III. Above the T 2 point, the monomer concentration was found gradually to decrease as the total concentration of surfactant increased; this phenomenon is the result of micellization (10, 26, 29, 36) . Figure 2 shows emf versus log(C t ) for typical (CTAB/HSA and TTAB/HSA) systems. These plots illustrate three regions as described above for various systems.
As shown in Fig. 3 , the extent of binding has been plotted against the logarithm of the free ligand concentration for the CTAB/BSA, CTAB/HSA, TTAB/BSA, TTAB/HSA, and STS/ PVP systems at pH 7.
Binding constants for the CTAB/BSA, CTAB/HSA, TTAB/ BSA, TTAB/HSA, and STS/PVP systems were determined by the two methods: (a) the method based on Wyman binding potential (5); (b) the method introduced in this work. According to binding constants determined by two methods, ⌬A (exp) Ϫ ⌬A (cal) /⌬A (exp) ϫ 100 was calculated for different values of (where ⌬A (exp) is concentration of bound ligand that is determined from experimental data and ⌬A (cal) is concentration of bound ligand that is determined on the basis of the calculated binding constants). Table 1 , using both method. According to Table I , the magnitude of K i , which is calculated based on new method, is smaller than that The Gibbs free energy of binding has been determined by these methods. In Fig. 7 , results of these methods have been compared for a typical (TTAB/HSA) system. Figures 4 -7 show that results 
